Cement pastes and concretes with low water/binder ratios were cured internally by the incorporation of super-absorbent polymer (SAP) particles. Reduction in autogenous shrinkage by the internal curing was investigated in relation with characteristics of coarse capillary pore structure and volume fractions of constituent phases in cement paste matrix. The addition of SAP remarkably reduced autogenous shrinkage in cement pastes and concretes. However, the complete prevention of autogenous shrinkage was not always attained even when the extra amount of SAP was incorporated into the mixtures. Characteristic diameters in the coarse capillary pore structure decreased with time in the cement pastes with SAP. The internal water released from the SAP did not increase the degree of hydration of cement in the bulk cement paste matrix at early ages. However, the degree was slightly increased by the SAP at long ages. Transfer distance of the water from the SAP was estimated at most around few hundred μm. The volume protected by the internal water was reduced in the pastes with dense microstructure. The incorporation of SAP adversely reduced the strength of the cement pastes and the concretes. The proper size and amounts of SAP should be optimized for more efficient prevention of autogenous shrinkage, taking into account that the internal water supplied from SAP may affect the hydration of cement as to control the distance of water transfer in the vicinity of SAP.
INTRODUCTION
One of the effective methods to prevent autogenous shrinkage in early-age concrete is internal curing. In this method, water-retentive particles are used as internal reservoirs to supply water to the surrounding cement paste matrix. Absorbent particles such as lightweight aggregate, recycled aggregate and super-absorbent polymer (SAP) are considered promising materials for the internal source of water [1] [2] [3] . In order to supply water effectively to selfdesiccated cement paste matrix at a low water/cement ratio, the source of water must spread over the whole part of cement paste matrix. In other words, any place in the cement paste matrix must be within the distance of water transfer from the nearest water-retentive particle [4] . On the other hand, the incorporated particles could play a crucial role in determining the strength of concrete. They are left as large empty or saturated voids in mature concrete. Namely, the concretes cured internally with the absorbent particle contain the large flaws in strength. Therefore, the absorbent particle should be small as far as the absorbed water is effectively used for the internal curing. Taking account of effective dispersion of the source of water and the development of high strength in concrete with a low water/cement ratio, small SAP particles may be preferable to other absorbent aggregates.
There is a variety of SAPs, reflecting its utilization in various ways. Therefore, it is important to specify suitable SAP and to establish the design method for the purpose of internal curing for high strength concrete. However, at present, the SAP specifically produced for concrete is not a common commercial material. Thus, there have been only a few studies on effectiveness of SAP as a preventive material against autogenous shrinkage [3, 5] .
The purpose of this study is to experimentally investigate effectiveness of the incorporation of saturated SAP particles on reduction in autogenous shrinkage in cement pastes and concretes. The reduction in the shrinkage by the SAP is discussed in relation with characteristics in microstructure revealed by the SEM-BSE image analysis. Spatial distribution of the SAP particles is also discussed to estimate the distance of water transfer.
EXPERIMENTAL

Materials and mix proportions of cement pastes and concretes
The cement used was ordinary Portland cement. A silica fume with specific surface area of 20 m 2 /g was used. The replacement ratio of silica fume was 10%. River gravel with a maximum size of 10mm was used as a coarse aggregate. The fine aggregate used was natural river sand with FM of 2.79. A polycarboxylic acid type superplasticizer was used. The SAP used was powder of acrylamide/acrylic acid copolymer [3] . Its absorption capacity is about 13 times its dry weight (Dry density=1.25 g/cm 3 ). It is mono-sized spherical particles of diameter about 200 μm in the dry state. Water/binder ratios of cement pastes were 0.25 and 0.33. Water/cement ratio of concrete was 0.25. For comparison, concrete with a water/cement ratio of 0.30 was also produced without SAP. If the water added for the absorption of SAP is not absorbed in the concrete with a water/cement ratio of 0.25, then a water/cement ratio of the concrete attains to the value of 0.30. Mix proportions of the concretes are given in Table 1 . The amounts of water required for the internal curing were determined by Eq. (1), which was proposed by Jensen and Hansen [3] . The dosage of dry SAP was calculated based on the required water and the absorption capacity of the SAP: (1) where (W/C)e is the mass ratio of the water absorbed by SAP to the total cement content in the mixture. Aiming at investigating effects of an extra amount of the internal water on the shrinkage behavior, specimens with twice the amount of SAP were also produced.
2.2
Free shrinkage test for paste specimens Free shrinkage for cement paste was measured with the digital dilatometer (Fig.1) [6] . Cement paste was poured into corrugated plastic molds of 30 mm in diameter and about 400 mm in length. The specimens were immediately sealed with Teflon plugs, and placed in a room at 18°C. At the initial setting time of the paste, length of the specimens was recorded as the initial length. Length changes of the specimens were measured at prescribed time intervals.
2.3
Free and restrained shrinkage test for concrete specimens The restrained and free shrinkage tests were carried out on sealed specimens at 18°C. Concrete was cast directly into the molds of the restrained and free shrinkage test apparatus (Fig. 2) . In order to reduce friction between the cast concrete and the mould, the mold was lined with thin plastic sheet. This system can be used to determine free shrinkage, restraining stresses, and viscoelastic response simultaneously, using the procedures outlined in Kovler's paper [7] . In the restrained shrinkage tests, as shrinkage causes the strain to exceed 10×10 -6 , a servo motor automatically pulls the specimen back to its initial position. The loading system is designed such that the total deformation of a restrained specimen is always zero at each increment of elastic strain. Free shrinkage strain is obtained from the free specimen. The length changes of both specimens and the restraining load developed in the restrained shrinkage specimen were continuously recorded. Restraint was applied to the specimen after allowing it to shrink for the first 12 hours. Testing continued for seven days after casting. 
SEM-BSE image analysis
After the free shrinkage test using the corrugated tubes, slices about 10 mm in thickness were cut for use in BSE image analysis. They were dried by ethanol replacement and vacuum drying, and then impregnated with a low-viscosity epoxy resin. After the resin had hardened at room temperature, the slices were finely polished with silicon carbide paper. The polished surfaces were meticulously finished with diamond slurry for a short time.
Samples were examined using a scanning electron microscope (SEM) equipped with a quadrupole backscatter detector. BSE images were acquired at a magnification of 500×. Each BSE image consists of 1148 × 1000 pixels, with one pixel representing about 0.22 × 0.22 μm. The dynamic thresholding method was used to make a binary segmentation based on the gray level histogram. Pixels for unhydrated cement particles and pores were tallied so as to obtain area fractions of those phases. Based on stereology principles, area fractions in 2D cross sections were assumed to be equal to 3D volume fractions. It was also assumed that volume fractions of hydration products (i.e., CSH and calcium hydroxide crystals) could be obtained by subtracting the volume of unhydrated cement particles and capillary pores from the total volume of a sample. The degree of hydration of cement (α img ) was calculated by Eq. (2).
where UH i : area fraction of unhydrated cement particles at the age of t i , UH 0 : initial area fraction of unhydrated cement particles (i.e. t i =0)
In order to extract features of coarse capillary pore size distribution from a binary image, the equivalent diameter of a pore was used as a geometric measure [8] [9] [10] . Each pore with irregular shape was labelled by the rule of 8-neighbor connectivity. The labelled pores, whose areas were tallied by pixels, were converted to equivalent circles with the same area as the original pores. Then, all the circles were scaled by their diameters. The cumulative pore volume vs. the equivalent diameter curves were plotted by sorting and cumulating areas of those scaled circles.
2.5
Calculation of volume fractions of constituent phases The volume fractions of constituent phases in cement paste matrix surrounding SAP particles can be calculated by a combination of the degree of hydration and a model for the hydration of cement. Powers model [11] was applied to the results of image analysis [12] . In the calculation, the volume of cement gel produced by the hydration of 1 cm 3 dry cement was assumed to be 2.1 cm 3 . The non-evaporable water content in the reacted cement is about 23% by mass. Chemical shrinkage was assumed as 0.254 of the volume of non-evaporable water. The porosity of cement gel used in the calculation was 28%; those pores are assumed to be saturated with gel water. Volume fractions of hydration products (i.e. CSH and crystals) were estimated using the degree of hydration and Powers model. For example, if the value of 2.5 nm is assumed as the lower limit of size for capillary pores, the total volume of capillary pores greater than 2.5 nm in diameter was obtained by subtracting the volume of unhydrated cement and the calculated volume of cement gel from the initial volume of the mixture. Thus, the difference between the capillary pore volumes calculated based on the Powers model and the coarse pore volume obtained by the image analysis represents the volume of fine pores whose diameters are less than the resolution of the image analysis (0.2 μm in this study). In this study, hereafter, capillary pores whose diameters are less than the resolution of the image analysis (i.e. range from 2.5 nm to 0.2 μm) are defined as "fine capillary pores". Correspondingly, the pores tallied in the image analysis are termed "coarse capillary pores".
2.6
Spacing factors of SAP particles Cross sections of specimens after the free shrinkage test were coated with the epoxy resin containing a dye. They were polished carefully to observe the profiles of SAP particles. The polished sections were examined with an optical microscope. The profiles of SAP spheres were evaluated by the image analysis technique. Air contents in the pastes without SAP were small. Therefore, it was assumed that all the dyed profiles were derived from SAP particles in the SAP-containing pastes. The spacing factor (L) of the SAP particles was calculated by Eq.(3), in accordance with ASTM C457; where s: specific surface area of SAP, p: volume fraction of cement paste matrix, A: volume fraction of SAP.
Strength tests
Cylinder specimens measuring 50 mm in diameter by 100 mm in height were produced. They were sealed immediately after casting, and cured under the same conditions as the specimens for the shrinkage tests. Splitting tensile strength and compressive strength tests were carried out at the age of 28 days.
3.
RESULTS AND DISCUSSION Fig.3 shows autogenous shrinkage of ordinary Portland cement pastes with water/cement ratios of 0.25 and 0.33. The addition of SAP drastically reduced autogenous shrinkage at a water/cement ratio of 0.25. When the extra amount of SAP of 0.70% was incorporated, autogenous shrinkage was completely prevented. The pastes exhibited dilation from the beginning of the curing. On the contrary, autogenous shrinkage was not prevented at a higher water/cement ratio of 0.33 even when twice the amount of SAP was incorporated into the paste. It should be noted that no increase in shrinkage was observed after 24 hours in the specimens with SAP at the water/cement ratio of 0.33. (Fig.3) . However, the silica fume paste with the SAP of 0.70% still exhibited a slight shrinkage at very early ages, contrast to the corresponding ordinary cement paste, in which this amount of SAP completely prohibited autogenous shrinkage (Fig.3(a) ). Fig.5 shows autogenous shrinkage and restraining stress in concretes with various amounts of SAP. The addition of SAP successively reduced autogenous shrinkage in the concretes, as seen also for cement paste (Fig.3) . Corresponding to the decrease in the shrinkage, the restraining stress also decreased with SAP addition. When the amount of SAP was doubled, the concrete exhibited a little expansion during the initial 24 h. This initial expansion was maintained until the age of 7 d. No restraining tensile stress was generated in the concrete with 0.70% SAP. The autogenous shrinkage of concrete with w/c ratio of 0.30 was smaller than that of the concrete with w/c ratio of 0.25. However, the increase in w/c ratio from 0.25 to 0.30 did not result in lower shrinkage than in the concrete with 0.35% SAP. Furthermore, the restraining stress in the concrete with the w/c ratio of 0.30 was greater than the stress developed in the concrete with the w/c ratio of 0.25. The w/c ratio of concrete matrix surrounding SAP is 0.30 if the incorporated SAP does not absorb any water in the mixture with a nominal w/c ratio of 0.25. Therefore, it is found from Fig. 5 that the reduction in shrinkage in the SAP-containing concrete with w/c ratio of 0.25 resulted from the effective internal curing with the SAP, not from the probable increase in w/c ratio due to less absorption of water than expected. It is also suggested that the water absorbed by the SAP is more effective in reducing autogenous shrinkage than the mixing water present in the matrix. 
Autogenous shrinkage of cement pastes with and without SAP
Autogenous shrinkage of concretes with and without SAP
3.3
Phase constitution and coarse capillary pore structure Fig.6 shows degrees of hydration of cement in cement pastes with and without SAP. The incorporation of SAP did not affect the progress of the cement hydration until the age of 14 days. However, the degrees in the cement pastes with SAP continuously increased after 14 days whereas the degree in the paste without SAP did not increase with time. It is found that the water released from the SAP had a function to continue the hydration of cement further in the sealed cement pastes. Fig.7 shows volume fractions of constituent phases in the cement pastes with and without SAP. There is little difference in the constitution between the pastes since all the pastes showed almost the same degree of hydration of cement until the age of 14 days, regardless of the addition of saturated SAP. However, it should be noted that the 28-day pastes with SAP have lower porosity and more cement gel than pastes without SAP. This fact suggests that the water released from the SAP continued the hydration of cement so that the porosity was decreased, especially in the range of fine capillary pores at long ages. Fig.8 shows coarse capillary pore size distribution curves. As shown in Fig.7 , the addition of SAP reduced cumulative coarse pore volumes at 28 days although there were little differences in the total amounts of coarse pores until the age of 14 days. The most characteristic difference between the coarse capillary pore structures is rather the change in the diameter at which the curve starts increasing steeply with decreasing the pore diameter. The characteristic diameter in the pastes without SAP changed little after 24 hours. On the other hand, the diameter in the SAP-containing pastes appreciably decreased with time. This means that the addition of saturated SAP particles decreased the volumes of large pores in the coarse pore structures. Significant self-desiccation can occur in the pastes without SAP. The greater pores are dried up earlier as the internal relative humidity decreases with time. Larger pores were left in the pastes without SAP since the hydration of cement almost ceased after 14 days (Fig.6) . On the other hand, the internal water from the SAP was used for relieving self-desiccation and continuing the hydration of cement. Thus, the characteristic diameter of coarse pores could be reduced with time. It is found from Figs.6, 7 and 8 that the water released from SAP particles did not greatly change microstructures in the cement pastes but slightly modified the coarse capillary pore structure in the bulk matrix away from the SAP particles. 
3.4
Spacing factors of SAP particles Spacing factors of SAP particles in the pastes are given in Table 2 . As shown in Fig.4 , the amount of 0.70% of SAP successively prohibited autogenous shrinkage. The corresponding spacing factor is about 400 μm. Therefore, the SAP should be incorporated so that the average maximum distance of water moving is about 400 μm for the cement paste with a water/cement ratio of 0.25. Furthermore, taking account of less efficacy of SAP of 0.35% (Fig.4) , the maximum distance of water transfer may be between 400 and 600 μm in the cement pastes with the water/cement ratio of 0.25. However, the same amount of SAP failed to prevent autogenous shrinkage in the silica fume-containing pastes. The volume ratio of SAP to the whole specimen is almost the same between the pastes with and without silica fume. Therefore, less efficiency of SAP in the silica fume pastes suggests that the range protected from self-desiccation depends on microstructure of cement paste matrix surrounding SAP [4] . The water released from SAP cannot travel a long distance in the dense microstructure in the silica fume-containing paste. In view of the reduction of autogenous shrinkage and the corresponding spacing factors (Figs.3, 4 and Table 2), the distance of the water transfer at a water/cement ratio of 0.25 was estimated at most at few hundred μm. This is also consistent with a little difference in the microstructure revealed by the SEM-BSE image analysis, which was made at the bulk matrix away from the SAP particles.
The amounts of SAP in this study were determined by Eq.(1), with the result that the volume ratio of SAP particles to the whole cement paste specimen was greater at the w/c ratio of 0.33 than at the ratio of 0.25. Therefore, the spacing between SAP particles was smaller in the pastes with the water/cement of 0.33. On the other hand, the porosity in the cement pastes with the water/cement ratio of 0.33 could be higher than that in the water/cement ratio of 0.25. Therefore, it is expected that the water could travel longer distance in such a more porous paste matrix. However, the pastes with SAP at the w/c ratio of 0.33 still exhibited shrinkage even when a double amount of SAP was incorporated. This fact also suggests that the extent of area protected by the SAP is influenced by the properties of cement pastes in the vicinity of SAP particles. The continuation of hydration of cement due to the additional supply of water resulted in dense microstructure around the SAP particles. It is plausible that the local dense region formed controls the subsequent diffusivity of water from SAP. Fig.9 shows compressive strength of cement pastes with and without SAP. It is clearly found that the addition of SAP resulted in the decrease in compressive strength. The lower the w/c ratio, the more sensitive to the amount of SAP. Compressive and tensile splitting strength of the concrete specimens are shown in Table 3 . The addition of SAP also decreased the strength of concrete. The reduction in the strength is consequent to the presence of large voids. The diameter of a SAP particle after absorbing water is estimated at the maximum at 500 μm. Therefore, it is not practical to increase the amount of SAP with the aim of reducing spacing factors between the SAP particles. An alternative way to cover the insufficient distance of water transfer from SAP is using smaller SAP particles. Increasing specific surface area is expected to decrease the spacing factor of the particles. Such downsizing of the particle is also expected to reduce the size of flaw which is critical for the development of strength in mature concrete.
Strength of cement pastes and concretes
The SAP used in this study is specifically made for the internal curing of concrete. However, it seems that modification of the particle size of SAP may be necessary to use it as an internal reservoir. Early-age cement pastes with low w/c ratios have coarse capillary pore structures which are similar to those in long-age pastes with higher w/c ratios [13] . Local permeability of water in early-age concretes with low w/c ratios may be comparable to that in conventional concrete at long ages. An analogy with air-void system for freeze-thaw resistance in the conventional normal strength concrete may be useful for estimating the proper size of SAP in terms of strength and the attainable distance of water transfer [4] .
CONCLUSIONS
The major results obtained in this study are as follows: 1. The addition of saturated SAP greatly reduced autogenous shrinkage in cement pastes with low water/cement ratios. However, the extra amount of SAP was not always successful for further reducing the shrinkage.
